The rate of decomposition of q-iron carbide (Fe 3 C) and c -iron carbide (Fe 5 C 2 ), which were produced by carburizing reduced iron from a hematite ore and a limonite ore with 80%CO-H 2 -H 2 S mixture of a S ϭ0.5, was determined from their compositional change. Their decomposition starts from about 873 K with Fe 5 C 2 and about 973 K with Fe 3 C. To mass fraction variation curves of qand c -iron carbide, the integrated rate equation for the first order reaction was applied to obtain the rate constant, k. The value of k for Fe 5 C 2 is much greater than that for Fe 3 C. Fe 5 C 2 firstly decomposes to Fe 3 C plus carbon and secondly the formed Fe 3 C decomposes to metallic iron plus carbon. Microscopically, the metallic iron grows as if the flat interface between Fe 3 C and metallic iron propagates through the grain of Fe 3 C. And the iron carbide and formed metallic iron are always in front of pore. Therefore, the gas molecules in the atmosphere can react with the carbide, metallic iron and carbon throughout the reaction. The re-oxidation in dry air accelerated by the exothermic reaction for both iron carbides begins from about 623 K. The reason why the re-oxidation starts at the lower temperature than the decomposition does is direct oxidation of Fe 5 C 2 and Fe 3 C to iron oxides and CO 2 before their decomposition. The re-oxidation starting temperature is raised by the increase of the temperature of reduction and carburization, but the improvement is not very large.
Introduction
Iron carbide is produced by reducing and carburizing iron ore with CH 4 -H 2 or CO-H 2 mixture reformed from natural gas. Iron carbide, therefore, is a potential material as an alternative iron source to significantly reduce the amount of CO 2 emission comparing the conventional ironmaking by blast furnace. If the cost for producing iron carbide is economically competitive to steel scrap, furthermore, higher quality steel products can be manufactured by electric arc furnace steelmaking. Thus, the iron carbide can contribute for attaining the developed country's CO 2 emission reduction obligated to them.
Influences of the composition and total pressure of the reaction gas mixtures, and temperature, etc. on iron carbide production and its kinetics have been studied in several previous studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] involving the present authors' for the last decade. The iron carbides, q-iron carbide (cementite, Fe 3 C) and c-iron carbide (super iron carbide, Fe 5 C 2 ), are thermodynamically meta-stable. However, stability of the iron carbides has not been studied in detail. In the iron carbide production process, decomposition of the iron carbides starts just after being formed in high carbon potential atmospheres. Grabke et al. [10] [11] [12] have studied the decomposition mechanism of the iron carbides in studying the mechanism of the metal-dusting phenomena, which is a kind of erosion of steel and its alloys, of high purity iron and steel by TEM observation technique. The iron carbides investigated by them were formed on the surface of a high purity iron plate of 12.5 mm and 1 mm thickness in CO-H 2 -H 2 O-H 2 S mixtures at temperatures in the range 500-900°C. They observed microstructure of the decomposition products, which are coke, metallic iron and remained iron carbides, from Fe 3 C and Fe 5 C 2 in samples by TEM. They have indicated that Fe 5 C 2 decomposes directly to metallic iron and coke, that is, the decomposition does not obey Ostwalt's law. They also indicated that the addition of H 2 S to CO-H 2 mixtures can retard the starting time of the metal-dusting. And they determined the range of sulfur activity necessary for retarding it for enough time.
In this study, iron carbide was produced in a fluidization bed by reducing iron ore particles in H 2 -H 2 S mixture and carburizing the reduced iron particles in 80%CO-H 2 -H 2 S mixture of a S ϭ0.5. The main objectives of this study are to determine the rate equation and rate parameters for the decomposition of iron carbide produced in various conditions and to investigate the resistance to re-oxidation of iron carbides in the atmosphere. This study's results can indicate suitable conditions for cooling, storing and using iron carbide as an alternative iron source. In order to develop the kinetics and mechanism of the decomposition, X-ray diffraction analysis, thermal analysis, and chemical analysis for carbon and sulfur were used. Investigation is also made on the influence of the production condition on the decomposition.
Experimental
Sample of 25 g particles of a size range 0.15-0.21 mm of a Brazilian hematite and an Australian limonite, whose compositions are shown in Table 1 , was reduced in H 2 -H 2 S mixture of sulfur activity a S ϭ0.5 relative to Fe/FeS equilibrium and carburized in 80% CO-H 2 -H 2 S mixture of the same sulfur activity. According to the present authors, [2] [3] [4] [5] [6] [7] [8] [9] sulfur adsorbed on the pore surface of reduced iron and iron carbides is capable to suppress decomposition of iron carbides and carbon deposition from the carburizing gas. The chemical compositions and the production conditions of the iron carbides used in this study are listed in Tables 2 and 3, respectively. Heating iron carbides in a high-purity argon gas, and measuring the weight change were conducted by means of thermobalance. 50 mg of an iron carbide sample was put on a flat disc of silica glass fiber filtration paper of 13 mm diameter and then, the holder was set in a silica glass reaction tube of 23 mm inside diameter. The sample was quickly heated in a high-purity argon gas (O 2 : volume fraction less than 0.2 ppm, H 2 O: dew point less than Ϫ80°C) at 873, 898, 923 and 973 K for c-iron carbide and at 973, 1 023 and 1 073 K for q-iron carbide by manually moving the electric furnace pre-heated at the experimental temperatures along the tube. Reaction of the iron carbide samples with the air was also investigated by DTA and TG analyses at a heating rate, 0.117 K/s, up to 1 173 K. Heating c-iron carbides at a fixed temperature of 623 K for 7.2 ks and X-ray analyzing the quenched samples were also conducted. The tests for 100 mg samples were also conducted to compare the influence of the sample weight.
Experimental Results

Decomposition of Iron Carbides in High-purity
Argon Weight change in the heating of the cand q-iron carbide samples, which was produced at 873 K, at the rate of 0.117 K/s from the room temperature up to 1 173 K is shown in Fig. 1 . c-Iron carbide sample starts to decrease its weight from about 873 K and q-iron carbide from about 973 K. The weight decrease may be attributed to the start of decomposition of the cand q-iron carbide samples at the temperatures. Before the weight decrease, the slight weight increase was observed. But this weight increase was also observed in heating a thin plate of alumina. It was suggested that the individual steady weight increase during heating up to 873 K and 973 K was due to the change in the friction and buoyancy forces due to the flowing gas.
Variation in the composition of the cand q-iron carbide samples during the heating at 973 K in high-purity argon is Table 1 . Chemical composition of the hematite ore used in this study (mass%). Table 2 . Composition of the iron carbides used in this study (mass%). q: Fe 3 C, c: Fe 5 C 2 , Fe: metallic iron, C: free carbon, W: wustite, M: magnetite, H: hematite, T.C: total carbon, S: specific surface area. Table 3 . Condition for the production of the iron carbides a S ϭ0.5. shown in Figs. 2(a) and 2(b), respectively. By these results, it is evidenced that c-iron carbide decomposes to q-iron carbide plus carbon in the first step and the q-iron carbide further does to metallic iron plus carbon in the second step. Also, q-iron carbide is evidenced to decompose to metallic iron plus carbon. Iron carbide in the q-iron carbide sample (B) decomposes as similarly as the q-iron carbide as the intermediate. The reactions of the decompositions are represented by Eqs. (1) and (2).
In other words, the decomposition of cand q-iron carbide obeys Ostwalt's law.
The experimental results shown in the figures also indicate that the decomposition rate of c-iron carbide is much faster than that of q-iron carbide. The rate for c-iron carbide, especially at temperatures more than 923 K, was too fast to neglect the influence of the initial temperature rising period on the rate. Thus the decomposition measuring temperature was decided as 873, 893 and 923 K for c-iron carbide.
Fractional decomposition for cand q-iron carbides is defined by Eqs. (3) and (4), where w 0 and w t are the content of the phase designated by the subscript at time zero and time t, respectively. And the subscripts of c and q are the phases.
Assuming that the decomposition rate by the reactions (1) and (2) at the time t is proportional to the un-decomposed content at the time t of cand q-iron carbides, the integrated rate equation of Eq. (5) is obtained.
The results of rate analysis on the basis of Eq. (5) are shown in Fig. 3 . The experimental points for the decomposition of cand q-iron carbides are on a line for the individual condition up to at least f i ϭ0.5, iϭq or c. Also the lines go through near the original point because the initial compositions of the samples are nearly composed of a single phase of cor q-iron carbides. Zhang et al. 13) assumed that the decomposition of q-iron carbide is a zero order reaction. But the results in the present study are more likely to be a first order reaction.
Temperature dependence of the decomposition rate constant k for the cand q-iron carbides is shown as an Arrhenius plot in Fig. 4 . c-Iron carbide starts to decompose at lower temperature by about 100 K than q-iron carbide does and the stability of the former phase is much less than the latter. It can be said with the same iron ore that the lower the production temperature of q-iron carbide, the lower the decomposition starting temperature. On the other hand, c-iron carbide produced at the higher temperature decomposed faster, which tendency is in disagreement with that of q-iron carbide. The difference between the two iron carbides in the dependence of the decomposition rate on the production temperature may be attributable to that in morphology and that in precipitated carbon amount.
Since the nearly linear relation is seen for the k in the Arrhenius plot, although the linearity for c-iron carbide is a little poor, k in each condition can be expressed by individual Arrhenius type equations;
A: Frequency factor (Pre-exponential factor) E: Activation energy R: Gas constant The activation energy for the samples is listed in Table 4 .
Metallographic Observation of Cross Sections of Partially Decomposed Iron Carbide Particles
Distinguishing between cand q-iron carbides on metallographic observation was difficult even after by etching with a picric acid alcohol solution. Consequently, the situation for the nucleation and growth of q-iron carbide on ciron carbide could not be observed. Therefore morphology of metallic iron formed on q-iron carbide (C) heated in argon atmosphere for 1 ks at 1 023 K is shown in Fig. 5 . During the reduction of iron ore, a number of small pores are formed in the ore particles. Since, during the carbide formation from reduced iron, there observed no detectable morphology change, the iron carbide particles are usually very porous. In Fig. 5 , the structure is not clear owing to the small size and carbon formed by decomposition is not observed. Metallic iron formed by the decomposition of q-iron carbide (C) seems to nucleate on the surface iron carbide and to grow into the iron carbide. The texture of reduced iron from the limonite ore was too small to observe the microstructure.
Resistance of Iron Carbide against Re-oxidation in Air
The curves of TG and DTA of q-iron carbides and c-iron carbides in the heating of the samples at the rate of 0.117K/s from room temperature to 1 173 K are shown in Figs. 6 and 7 , respectively. In each figure, the TG and DTA curves show individual steep rises at about 623 K. It is an obtained conclusion that both the qand c-iron carbides start to be oxidized at about 623 K. By examining with 50 mg and 100 mg of the q-iron carbide (B), no difference was observed in the temperature. Due to the great exothermic enthalpy change, however, it is reasonably expected that the re-oxidation beginning temperature may further be lowered from 623 K as the mass of the iron carbide for the re-oxidation tests increases.
The influence of the temperature at which q-iron carbide sample was produced on the resistance against the re-oxidation in air was examined. Comparing the results shown in Fig. 6(a) and those shown in Fig. 6(c) , the weight gain for the q-iron carbide sample produced at 873 K is about 2 times that for the q-iron carbide sample produced at 1 073 K. The maximum of the heat flow curve of DTA for the former is about 3 times that for the latter. The temperature indicating a steep temperature rise by exothermic reaction definitely increases by lowering the production temperature of iron carbide. As shown in Figs. 7(a) and 7(b), almost the same influence of the production temperature was observed also with the c-iron carbide. From these results, it is concluded that the resistance of iron carbides against reoxidation in air is improved by increasing the production temperature.
Referring to the results of the DTA and TG experiments, the reactivity of c-iron carbide sample (B) was examined in flowing dried air at a constant temperature, 623 K. The Fig. 4 . Arrhenius plot of the rate constants for the decomposition reactions of 3Fe 5 C 2 AE 5Fe 3 CϩC and Fe 3 C AE 3FeϩC. Fig. 5 . Cross section of partially decomposed q-iron carbide particle (C) by heating in argon atmosphere for 1 ks at 1 023 K. White parts are metallic iron and grey parts are q-iron carbide. composition change is shown in Fig. 8(a) . There can be seen a little increase in the content of iron oxides, but the change in the content of q-iron carbide, which is a decomposition product of c-iron carbide, is negligible. In order to understand the relationship between the oxidation and the decomposition of c-iron carbide in more detail, the compositions before and after heating c-iron carbide sample (B) in argon gas for 7.2 ks at 623 K were made in Fig. 8(b) . No q-iron carbide was formed in heating in argon gas for 7.2 ks although some extent of oxidation occurred probably by the reaction with contaminant oxygen in the weighing system.
Discussions
Comparison of the Present Results with the Previous Ones
Nakagawa et al. 1) produced q-iron carbide by reducing and carburizing a porous and a dense type of iron ores, a few kinds of reagent Fe 2 O 3 and a dense wustite plate, which were put in a ceramic boat, in the atmosphere of CH 4 -H 2 mixtures. The best temperature was 750°C, but even at that temperature, formed q-iron carbide starts to decompose to metallic iron plus carbon before the completion of the conversion to q-iron carbide. According to their article, the decomposition rate of q-iron carbide increased on either decreasing or increasing the temperature from 750°C and the rate at 650°C was faster than that at 850°C. They attributed the latter result to the direct reaction of the carbide with remained wustite through the diffusion of oxygen or carbon. From cross section observation, also, they believed that qiron carbide near exterior void space is decomposed more easily and faster than that far from void because precipitation of the free carbon requires a significantly larger space than the space occupied by q-iron carbide. According to Grabke et al. 11, 12) , c-iron carbide did not decompose into the next less unstable iron carbide, q-iron carbide, plus coke, a kind of carbon, but directly decomposes into metallic iron plus coke. Tongue-shaped graphite formed in the decomposing process of c-iron carbide grew into the carbide with the free terminal directed to exterior surface. It was thought that iron atoms formed during the decomposition diffused towards the exterior surface to form fine particles of about 20-80 nm. In the decomposition, a coke layer with many fissures in the right direction to the exterior surface was formed, through which fissures the reaction gas penetrated into the interior to continue the metaldusting.
Zhang et al. 13) also studied the production of iron carbide by reducing and carburizing Australian iron ores with CH 4 -H 2 mixtures and obtained nearly the same results as Nakagawa et al.'s results. Zhang et al. also studied the effect of H 2 S addition to the reaction gas and the decomposition rate of q-iron carbide formed at 973 K by heating it in an argon atmosphere at 973-1 123 K. In disagreement with our results, they analyzed the decomposition rate by a zeroorder reaction rate equation.
Influence of the Formation Temperature on the
Decomposition Rate First, the decomposition rate of the iron carbides is discussed about the effect affected by the specific surface area. According to Table 2 , the specific surface areas of q-iron carbide samples (A), (B) and (C) are nearly the same with each other in spite of their different reduction temperature. The reason seems to be the presence of precipitated carbon in the sample (C), which is estimated as 2.6 mass% C, with the balance of lower true specific area of the iron carbide due to the high reduction temperature. In order to test the effect of specific surface area, additional q-iron carbide samples (D) and (E) were produced using the limonite ore.
Goethite in limonite ore decomposes to form much more porous hematite by the heating to the reduction temperatures. The hematite is reduced to form further more porous iron, which is finally converted to iron carbides of nearly the same specific surface area as reduced iron. From the limonite, thus, very porous iron carbide samples (D) and (E) were produced. The sample (D) has 3 times as much greater specific surface area than that of samples (A) and (B). As shown in Fig. 4 , the decomposition rate of the sample (D) produced from reduced iron at 973 K is faster by 3 times than that of the sample (E) produced from reduced iron at 1 123 K. But the decomposition rate for the sample (D) with much higher specific area decomposes at nearly the same rate as that for the sample (B). This indicates that the decomposition rate is not determined primarily by the specific surface area, but it may depend on the production temperature and the kind of ore as raw material.
Second, the lattice defect concentration in q-iron carbide samples, A, B and C, which were produced at 873, 973 and 1 073 K respectively, should decrease in the order of AϾ BϾC. The lattice defect concentrations may be an important factor controlling the decomposition rate.
As described above, the decomposition rate depends on the production temperature. As regards the strong dependency on the temperature, the rate is not determined primarily by the specific surface area, but it may depend on the lattice defect concentration.
Decomposition Mechanism in This Study
The present results are compared with the ones described above by Grabke et al. [10] [11] [12] and Zhang et al. 13) In disagreement with the results of Grabke et al., c-iron carbide decomposes to q-iron carbide and free carbon in the first step and further to metallic iron plus free carbon in the second step obeying Ostwalt's law. In this study, metallic iron regions grew as if flat interfaces between metallic iron and q-iron carbide propagated longitudinally from one end to the opposite end through the q-iron carbide grains. Also the situation of metallic iron formation from q-iron carbide in this study does not accord with Zhang et al.'s study, in which spherical metallic iron particles are uniformly distributed in q-iron carbide. Grabke et al. observed by TEM the process forming tongue-like shape coke and very small metallic iron particles on the decomposition of iron carbides formed on pure iron plates. However, in Grabke et al.'s experiments, the iron carbides were formed on an iron plate. On the contrary, the texture of iron carbides in this study and Zhang et al.'s study is much smaller because the iron carbides are produced from reduced iron formed from iron ore. The very small q-iron carbides could not be observed microscopically. Therefore, the decomposition process was studied on the basis of the compositional change monitored by quantitative X-ray analysis.
Decomposition Mechanism of c-Iron Carbide
c-Iron carbide decomposes through q-iron carbide plus free carbon finally to metallic iron plus free carbon. Generally considering, carbon atoms, which can diffuse much faster than iron atoms in q-iron carbide, should control its decomposition rate. The activation energy of decomposition rate constant k for c-iron carbide, as shown in Table 4 , which is as large as 230-350 kJ/mol and much larger than that for the decomposition of q-iron carbide, might agree with the activation energy for the diffusivity of carbon in q-iron carbide, which has not been reported. But the decomposition rate of c-iron carbide is much faster than q-iron carbide in spite of the very large activation energy. This might suggest that carbon atoms formed in the decomposition of c-iron carbide diffuse relatively fast at the interface between c-iron carbide and q-iron carbide particles formed.
Decomposition Mechanism of q-Iron Carbide
In the decomposition of q-iron carbide, carbon atom hav-ing much larger diffusivity than that of iron atom might nucleate at more far positions than metallic iron. The activation energy for the decomposition of q-iron carbide, which is shown in Table 4 , is only a little smaller than that for the diffusivity 14) of carbon in a-iron. On the formation mechanism of q-iron carbide from reduced iron, q-iron carbide range is observed to expand with the interface propagating in longitudinal direction of the particle. The decomposition process of q-iron carbide is just the reverse of the formation through three steps; namely, the decomposition of q-iron carbide by the reaction Fe 3 Cϭ3FeϩC, carbon atom diffusion in formed metallic iron layer and carbon transfer from metallic iron to free carbon. Of the three steps, the carbon diffusion is likely to control the decomposition rate of q-iron carbide.
Conclusions
(1) c-Iron carbide is less stable than q-iron carbide; the former starts to decompose at 873 K and the latter does at 973 K. c-Iron carbide decomposes to q-iron carbide plus free carbon in the first step and further to metallic iron plus free carbon in high-purity argon atmosphere. Namely the decomposition reactions are 3Fe 5 C 2 AE5Fe 3 CϩC and Fe 3 CAE3FeϩC. The decomposition rate of c-iron carbide is much faster than that of q-iron carbide.
(2) The influence of the formation temperature of qiron carbide from reduced iron was observed on the decomposition rate and re-oxidation tendency. The higher the formation temperature is, the slower the decomposition rate is. Also, the higher the formation temperature is, the greater the resistance to the re-oxidation of the iron carbides is.
(3) q-Iron carbide produced from a limonite has 3 times as larger specific surface area as those produced from hematite ore, but their decomposition rate are almost the same independently of the specific surface area. The area is not necessarily the primary factor for determining the decomposition rate.
(4) The re-oxidation starting temperature of iron carbides in air shows a tendency to slightly increase with increasing the reduction and carburization temperature of iron ore.
(5) In heating cand q-iron carbides in air, they are not re-oxidized after being decomposed to metallic iron and free carbon, but they are directly re-oxidized to iron oxides plus carbon dioxide by the following direct reactions of the carbides with oxygen in the atmosphere; 3Fe 5 C 2 ϩ16O 2 AE 5Fe 3 O 4 ϩ6CO 2 and Fe 3 Cϩ3O 2 AEFe 3 O 4 ϩCO 2 .
